The plant hormone auxin is a major regulator of plant development and response to environmental cues. Auxin plays a particularly central role in flower development, but the knowledge of its role of flower development in crop plants with fleshy fruits, such as tomato, is still scarce. Mutations in the Aux/IAA gene ENTIRE/Indole Acetic Acid 9 (E/IAA9) lead to the precocious development of young gynoecia into parthenocarpic fruits. Here, we compared the distribution of the auxin response sensor DR5::VENUS and the auxin efflux transporter PIN1 between the wild type and entire during successive stages of flower and fruit development. Up-regulation of the DR5::VENUS signal in the shoot apical meristem (SAM) was observed upon the transition to flowering, implicating a possible role for auxin in the transition from a vegetative SAM into an inflorescence meristem. DR5::VENUS was expressed in all initiating floral organs. Additionally, DR5::VENUS was highly expressed during gametogenesis, in both male and female organs, and in the developing seeds during embryogenesis. DR5::VENUS is expressed in functional cell layers such as the anther stomium and tapetum, suggesting that auxin plays a role in flower organ development and function. The entire mutation affected DR5::VENUS expression patterns during inflorescence formation and flower organ development, which correlated with phenotypic alterations. We also show dynamic distribution and localization of the auxin transporter PIN1 during flower and fruit organ development. These results emphasize the dynamic auxin response in inflorescence and flower development and suggest multiple roles of auxin in these processes.
Introduction
Plants are characterized by continuous production of organs throughout their lives. The shoot apical meristem (SAM) produces the above-ground organs. During the vegetative phase of the plant life cycle, the SAM produces leaves and axillary shoots, while in the reproductive phase flowers and fruits are formed. Depending on the genetic background and on environmental cues, the vegetative tomato SAM produces between seven and 12 leaves, and then terminates with an inflorescence (Sawhney and Greyson 1972 , Brukhin et al. 2003 , Lifschitz and Eshed 2006 , Park et al. 2012 , Périlleux et al. 2014 . The transition to the reproductive phase is accompanied by an enlargement of the SAM, followed by its differentiation into an inflorescence meristem (IM) and a sympodial shoot meristem (SYM). The IM gives rise to the next IM and then differentiates into a flower meristem (FM), in a repeating cycle that produces an inflorescence (Park et al. 2012) . The SYM, which originates from an axillary meristem, produces three vegetative nodes and then differentiates into the next IM and SYM, and so forth Eshed 2006, Lifschitz et al. 2014) . The FM successively initiates floral organs in four whorls, consisting of sepals, petals, stamens and a gynoecium (Brukhin et al. 2003) . Flower development in tomato has been described in detail for cherry tomato [Solanum lycopersicum (formerly Lycopersicum esculentum) cv. Sweet cherry] and for the tomato wild relative S. pimpinellifolium (accession LA1589) (Brukhin et al. 2003 , Xiao et al. 2009 .
The plant hormone auxin controls many developmental processes, including organ initiation from the SAM and flower development (Zhao 2010) . Moreover, auxin appears to participate in the co-ordination of flower and fruit development (Sundberg and Østergaard 2009) . During floral organ development, auxin response occurs in dynamic spatial and temporal distribution patterns. In Arabidopsis, the auxin response was generally shown to increase in the gynoecium, and decrease in stamens towards anthesis (Smyth et al. 1990 , Benková et al. 2003 , Aloni et al. 2006 , Cecchetti et al. 2008 , Alvarez-Buylla et al. 2010 , Larsson et al. 2013 , Larsson et al. 2014 . Auxin is transported in polarized streams via auxin influx and efflux transporters (reviewed in Zažímalova et al. 2010 , Peer et al. 2011 . PIN-FORMED (PIN) transporters act as auxin efflux carriers at the plasma membrane, and their subcellular polarity determines the directionality of auxin flows (Křeček et al. 2009 ).
The most characterized pathway of auxin response involves TIR1/AFB receptors, which are subunits of SCF E3 ligase complexes, transcriptional repressors from the auxin/indole-3-acetic acid (Aux/IAA) family, and transcription factors from the auxin response factor (ARF) family, which regulates the transcription of auxin-responsive genes. In the absence of auxin, Aux/IAA proteins interact with ARF transcription factors and repress their activity (Weijers and Jürgens 2004 , Guilfoyle and Hagen 2007 , Weijers and Wagner 2016 . Auxin promotes the binding of the Aux/IAA proteins to a TIR1/AFB receptor, leading to the degradation of Aux/IAA and to the subsequent release of the ARF, then free to regulate gene expression (Korasick et al. 2015) . Molecular analysis of parthenocarpic fruit formation in both tomato and Arabidopsis thaliana identified auxin signaling as one of the early events in the fruit initiation cascade (Wang et al. 2009 ). Furthermore, components of the auxin signaling pathway are also involved in repressing fruit initiation before fertilization (Wang et al. 2005 , de Jong et al. 2009 , de Jong et al. 2015 , Hao et al. 2015 , Breitel et al. 2016 . The tomato Indole Acetic Acid 9 SlIAA9/ENTIRE (E) protein is an Aux/IAA that is involved in compound-leaf and fruit development. While most known Aux/IAA loss-of-function mutants have no or minimally visible effects on growth and development (Reed 2001) , mutations in the tomato E gene (e) lead to an expanded auxin response that results in a simpler leaf form and parthenocarpic fruits (Wang et al. 2005 , Zhang et al. 2007 , Berger et al. 2009 , Koenig et al. 2009 , Wang et al. 2009 , Ben-Gera et al. 2012 . Antisense-mediated down-regulation of E/IAA9 resulted in pollination-independent fruit development. In E/IAA9 antisense lines, precocious fruit set occurred very early in flower development, prior to anthesis, resulting in parallel fruit and flower development (Wang et al. 2005 , Wang et al. 2009 ). Additional flower organ morphological alterations such as inhibition of stamen development and altered stigma position were also observed in these E/IAA9 silenced flowers. Despite the parthenocarpy, E/IAA9 antisense fruits were comparable with the wild type in their appearance, with respect to fruit size, skin color and flesh consistency (Wang et al. 2005) .
Gene expression analysis of tomato fruits revealed that different PIN family members are expressed in flower organs and fruits (Pattison and Catalá 2012) , suggesting that auxin transport plays a role in controlling auxin distribution during reproductive development. However, in contrast to e, downregulation of SlPIN3 and SlPIN4 did not affect fruit development, probably due to redundancy with other PIN genes (Pattison and Catalá 2012) .
Auxin response was previously analyzed during flower development in the model plant Arabidopsis using the auxinresponse sensor DR5::GUS (b-glucosidase). In developing Arabidopsis flowers, the DR5 signal first appeared at the sepals tips, followed by sequential expression in anthers, anther filaments, stigma and ovules (Aloni et al. 2006) . During Arabidopsis gynoecium development, the DR5 signal first appeared in two foci in the apical part of the gynoecium (Larsson et al. 2013) . Later in gynoecium development, a radial ring of DR5 expression was observed in the apical part of the gynoecium, at the sites of development of future stigmatic papillae (Larsson et al. 2013 , Larsson et al. 2014 , MarschMartínez and de Folter 2016 . With flower maturation, an increase in the DR5 signal was observed in Arabidopsis ovules (Aloni et al. 2006) . Auxin response, as determined by localization and expression of DR5, was also reported in female and male gametophyte development in Arabidopsis (Aloni et al. 2006 , Cecchetti et al. 2008 , Pagnussat et al. 2009 ). These studies showed that DR5 is expressed during early stages of Arabidopsis pollen development and in parallel in the tapetum cells of the anther (Aloni et al. 2006 , Cecchetti et al. 2008 ). In the female gametophyte, DR5 expression was detected during gamete cellular specification (Pagnussat et al. 2009 ). In tomato, DR5 expression was analyzed during relatively late stages of flower development, 6 and 2 d before anthesis, and during fruit development (Pattison and Catalá 2012) . DR5 was found to be highly expressed in placenta, vasculature, ovaries and ovules, with specific expression in the embryo sac. In the developing fruit, DR5 was found to be expressed in seed funiculus, locular tissue and in seed embryo (Pattison and Catalá 2012) . Furthermore, when fruits (20 d post-anthesis) were treated with the auxin polar transport inhibitor 1-N-naphthylphthalamic acid (NPA), an increase in DR5 expression was detected in both fruit placenta and peduncle (Pattison and Catalá 2012) . While auxin response during Arabidopsis flower development has been well characterized (Aloni et al. 2006 , Cecchetti et al. 2008 , Larsson et al. 2013 , Larsson et al. 2014 , it has been less explored in other species, particularly in species with fleshy fruits such as tomato. As e mutants show precocious fruit development already at very early stages of flower development, leading to parallel flower and fruit development, we hypothesized that auxin and E play important roles in the timing of flower and fruit growth and development. We therefore aimed to compare the dynamics of DR5 expression between wild-type and e tomato flowers and fruits, at early stages of flower initiation and development.
In this study, we compared the development and the dynamics of auxin response between e and wild-type tomato plants in a wide range of reproductive developmental stages. While the roles of e and auxin have been well described in tomato fruit and leaf development (Wang et al. 2005 , Wang et al. 2009 , Ben-Gera et al. 2012 , information on their action during inflorescence and early flower development is limited. Furthermore, most of the work on auxin-related fruit development and ripening in tomato was done with RNA interference (RNAi) and antisense lines (AS-IAA9, RNAi-ARF2a, ARF2b, RNAi-ARF7, RNAi-ARF9, etc.) (Wang et al. 2005 , de Jong et al. 2009 , de Jong et al. 2015 , Hao et al. 2015 , Breitel et al. 2016 and not with natural mutants.
To explore auxin response dynamics during reproductive development in tomato, we monitored auxin response in tomato plant expressing DR5::VENUS (Ulmasov et al. 1997 , Heisler et al. 2005 , Ben-Gera et al. 2012 , as well as the auxin efflux carrier At::PIN1::GFP (green fluorescent protein) ) during flower and early fruit development, and compared patterns observed in female vs. male reproductive organs. Moreover, auxin expression patterns and flower organ morphology in wild-type vs. e mutant plants were compared.
Results

Auxin response distribution during tomato early reproductive development
To investigate the distribution of auxin response during successive stages of shoot maturation and the transition from vegetative to reproductive growth, we monitored the expression of the auxin responsive sensor DR5::VENUS (Ulmasov et al. 1997 , Heisler et al. 2005 , Ben-Gera et al. 2012 . We further compared DR5::VENUS expression between wild-type and e mutant plants to assess the role of E in the control of auxin response distribution (Figs. 1, 2) . During vegetative SAM growth, an intense DR5::VENUS signal was observed at the sites of incipient leaf primordia (P0), and in the vascular bundle (VB) towards the tip of initiating leaf primordia (P1-P3), but was absent from the center of the SAM dome (Fig. 1B, D) . e plants showed a broader DR5::VENUS signal at the late vegetative meristem stage, as compared with the wildtype plants (Fig. 1D, L) . With the transition to the reproductive phase (transition meristem stage), the SAM increased in size, and an enhanced DR5::VENUS signal was observed throughout the SAM dome ( Fig. 1) in both wild-type and e plants. However, in e plants, transition flowering occurred 2-3 d later than in the wild type (Fig. 1E, F, M, N) .
During the successive IM stages, the DR5::VENUS signal decreased at the center of the meristem, and response maxima were observed at the initiation sites of the incipient flower organ primordia (Fig. 2) . Following initiation, an intense DR5::VENUS signal was observed at the tips of the outgrowing organ primordia. Unlike the well-defined DR5::VENUS maxima, which paralleled distinct organ separation in the wild-type meristems, e plants were characterized with a broader and stronger DR5::VENUS signal in and between flower organs (Figs. 2B, C, E, F, K, L, N, O, 3A, B, D, E). Furthermore, whereas in the wild type the response maxima were observed in all four flower whorls, in the mutant, the DR5::VENUS maxima were only detected in the outer organs (Figs. 2I, R, 3 ). In addition, e flowers showed sepal closure inhibition as compared with the wild-type buds (Figs. 2, 3) . Interestingly, a similar sepal separation defect was observed in flowers of plants overexpressing miR160 (Fig. 3F) . miR160 targets five auxin response factors in tomato, and miR160-overexpressing plants show expanded DR5 distribution, similar to e (Ben Gera et al. 2016) . These results further support the requirement for distinct auxin maxima for sepal separation.
Dynamic auxin response during tomato flower organ development
During flower organ development, DR5::VENUS exhibited dynamic and distinct organ-specific expression patterns (Fig. 4) . During early stages of flower bud development, when the emerging carpel and stamens were not yet fully differentiated, the auxin-response signal was observed in all flower whorls, at the distal part of each organ ( Supplementary Fig. S1 ). As development progressed, DR5::VENUS expression was prominent in the female organs, in the stigma and in the VB and ovules within the ovary (Fig. 4A , 3-5.7 mm bud length). During this stage, DR5::VENUS remained localized to a focused area at the apical tip of the anther. Subsequently, during flower bud maturation, the DR5::VENUS signal gradually decreased in the gynoecia, and increased and expanded in the anther. In later developmental stages, no DR5::VENUS was observed in the gynoecia, while in stamens the signal expanded from the apical tip to the base, with specific expression around the stomium region (Fig. 4A, 9 .2-10.5 mm bud length). The differential timing of the auxin response observed between flower organs may suggest that auxin serves as a signal for the synchronization of flower organ development in space and time. The e plants displayed spatial DR5::VENUS distribution in flower bud organs similar to that seen in wild-type plants (Fig. 4B) . However, some differences were observed. For example, the DR5::VENUS signal showed diffused expression throughout the stigma, in contrast to the defined foci observed in the wild-type stigma. Moreover, the DR5::VENUS signal persisted for a longer period in this organ. Despite these differences, e flowers and flower buds developed normally and showed no significant developmental disorders, except for early ovary growth, which will be discussed below.
In order to better characterize the differences in DR5::VENUS distribution and level between e and the wild type, the specific localization of the DR5::VENUS signal in developing carpels and anthers during gametogenesis was further characterized using confocal microscopy (Fig. 5) . In young, 1-2 mm long flower buds, the DR5::VENUS signal was observed in all flower organs (Fig. 5A) . Further magnification of the ovary revealed an intense signal at the ovule initiation sites and in the pre-VB (Fig.  5B) . In more mature ovaries (5 mm long flower buds, Fig. 5C , D), a DR5::VENUS signal was observed in most ovule cells, with a particularly intense signal in the female gametophytes (embryo sac, Fig. 5D ). At this stage of carpel development, a strong DR5::VENUS signal was also observed in the VBs connecting the ovules to the placenta (Figs. 4, 5) . While the general spatial distribution of DR5::VENUS was similar between e ( Fig. 5E-H ) and wild-type (Fig. 5A-D) flowers, its intensity was significantly higher in e ovaries and ovules, compared with the wild type (Figs. 4, 5; Supplementary Fig. S2 ). Longitudinal and cross-sections of flower buds at different developmental stages revealed a complex pattern of DR5::VENUS distribution (Figs. 5, 6 ). In general, the DR5::VENUS signal was present in all pre-VB tissues. A 'strand' of DR5::VENUS signals appeared to connect all ovules via the VB to a central core in the central region of the ovary (Figs. 5C, G, 6E, F, G, I ). Furthermore, the signal in the stigma appeared to be connected to both the carpel wall and the central core (columella) via the septa (Figs. 6G,  I ). These complex expression patterns were detected in both e and wild-type female organs (Figs. 4, 5) . However, higher DR5::VENUS signal was observed in e ovules and ovaries relative to the wild type during early stages of flower development ( Supplementary Fig. S2 ). This increase in auxin response was correlated with a significant increase in ovary size at early stages of e ovary development, in comparison with the wild type ( Fig. 5; Supplementary Fig. S2E-G) .
During early stages of pollen development in the anthers, a relatively weak DR5::VENUS signal was observed in the microsporocyte (pollen mother cell) and tetrads (Fig. 6A, B and Fig.  5I-N, respectively) . No significant DR5::VENUS expression differences were found between e and wild-type plants during male gametophyte development (compare Fig. 5L-N with I-K) . Upon release of the microspores from the tetrad, the auxin signal declined in the microspores (Supplementary Fig. S3A ), paralleling marked development of a signal in the tapetum and inner tapetum cells ( Supplementary Fig. S3B, C) . Despite inclusion of N7, a DNA fragment encoding a nuclear localization sequence in the DR5::VENUS tomato plants, the VENUS signal in the tapetum appeared spread throughout the cells without any specific localization within subcompartments ( Supplementary Fig. S3B, C) . Conversely, in the middle and endothecium cell layers, the signal localized to the nucleus (Supplementary Fig. S3C ). During late stages of flower development, DR5::VENUS was highly expressed in the stomium region between the two anthers (Figs. 4, 6 ). DR5::VENUS expression in e and wild-type plants was similar both in anther cells and during gametogenesis, and was primarily detected in the pollen mother cell (Fig. 6A, B) and later in the epidermal cells of the stomium (Fig 6C, D) . These findings imply a possible role for auxin in male and female gametogenesis and in the development of the reproductive organs.
Dynamic auxin response during fruit development and embryogenesis
We further examined DR5::VENUS distribution during fruit development and embryogenesis. In early stages of fruit development (fruit diameter: 4.5 mm), a weak DR5::VENUS signal was observed in the fertilized ovule ( Supplementary Fig. S4 ). As the fruit continued to grow (7-12 mm in diameter) and the embryo began to develop, a very strong signal appeared in the funiculus, which is the maternal placenta tissue that connects the developing seed to the fruit (Supplementary Fig. S4) . A low signal was also observed in the developing embryo. With the progression of fruit development (20 mm diameter), the DR5::VENUS signal in the embryo intensified ( Supplementary  Fig. S4 ), and was highest in the seed connective tissue and in the area surrounding the developing seed. In later developmental stages, an auxin response signal was detected in the embryonic cotyledons, the root radical and the embryonic SAM ( Supplementary Fig. S4 ).
Distribution and cellular localization of PIN1 (PIN1::GFP)
To characterize the role of auxin transporters in auxin distribution, we monitored AtPIN1::PIN1::GFP expression during flower organ development and during embryogenesis. The expression of AtPIN1 was previously shown to be relevant for tomato PIN function ). At the early stage of flower development, PIN1::GFP was highly expressed in gynoecium tissues of 3 mm flower buds, including the stigma, the style, the ovules and the VB within the ovaries (Supplementary Fig. S5A ). Higher magnification revealed polar localization of the PIN1::GFP protein toward the flower base in the outer epidermal cell layers of the anther filament ( Supplementary Fig. S5B, C) and apical localization toward the style tip. In addition to its polar expression in these organs, PIN1::GFP was also present in brefeldin A (BFA) body-like structures in the stigma tip ( Supplementary Fig.  S5B , C). PIN1::GFP was also highly expressed in the carpel walls and in the VB of the receptacle (Supplementary Fig. S5A ).
In more mature flower buds, PIN1::GFP was expressed in both the male and female flower organs ( Supplementary Fig.  S5D-L) . Its expression was concentrated in a narrow region in the central part of the style ( Supplementary Fig. S5D , E). Higher magnification of this region revealed clear apical localization of the protein towards the stigma ( Supplementary Fig. S5E, F) . Similar to earlier stages, in some of the style cells, the PIN1::GFP signal was found in BFA body-like structures and was also strongly expressed in the carpel wall, ovaries, ovules and in the VB throughout the ovary and receptacle ( Supplementary Fig. S5G-J) . In general, in ovules, PIN1::GFP was homogenously distributed throughout the plasma membrane, while polar localization was observed in the epidermal cells at the ovule edges ( Supplementary Fig. S5H ). BFA body-like structures were also noted in ovules, primarily in the placentaconnecting region. PIN1::GFP signals were nearly absent from the embryo sac. Strong expression was also observed in the anthers, with a particularly strong expression in the anther tips ( Supplementary Fig. S5K ), similar to the expression patterns observed for the DR5::VENUS (Figs. 4, 5 ). PIN1::GFP localization in anther cells appeared less polarized, with PIN1::GFP signals uniformly distributed throughout the plasma membrane ( Supplementary Fig. S5L ).
During early stages of seed development (fruit diameter: 15 mm), PIN1::GFP was primarily detected in the embryo ( Supplementary Fig. S4 ), without any specific polarity, and was expressed evenly throughout the plasma membrane ( Supplementary Fig. S4G, H) . With the progression of seed development (fruit diameter: 30 mm), PIN1 localized in the cotyledon initiation sites and, to a lower extent, in the root radicle ( Supplementary Fig. S4I ). In the pro-VB cells, polar PIN1 localization was observed next to the initiation sites of the cotyledons ( Supplementary Fig. S4J ), probably leading to the auxin maxima observed in the cotyledon tips ( Supplementary Fig.  S4D, F) .
Inhibition of polar auxin transport leads to aberrant flower development and to parthenocarpy
To evaluate the importance of the observed auxin distribution in flower and fruit development, we examined the effect of auxin transport inhibition on DR5::VENUS distribution and on flower and fruit development. Treatment with the auxin transport inhibitor NPA before anthesis resulted in rapid, precocious growth of the ovaries (Supplementary Fig. S6 ). When the inhibitor was applied during early stages of flower bud development, early abortion of ovule primordia was observed, resulting in an ovule-less phenotype (Supplementary Fig.  S7A ). In parallel, DR5::VENUS signals in NPA-treated stigma and ovaries were reduced and expression patterns disrupted (Supplementary Fig. S7A ). When NPA was applied to more mature flower buds, DR5::VENUS expression increased in the ovules, in contrast to its reduced expression typically observed in ovaries at anthesis ( Fig. 3; Supplementary Fig. S7B ). These results might suggest that during early stages of gynoecia development, auxin is transported into the ovules, while in later stages it is transported out of the ovules. NPA-treated ovaries were larger, as compared with non-treated ovaries ( Supplementary Figs. S6, 7) , which resulted mainly from growth of the central part of the placenta and led the ovules to press against the carpel wall. DR5::VENUS was mainly detected in the maternal tissue connecting the ovules to the placenta ( Supplementary Figs. S7, S8 ). While e flowers showed similar early fruit growth prior to anthesis ( Supplementary Fig.  S6 ), they were characterized with different DR5::VENUS expression patterns ( Supplementary Fig. S8C ) as compared with the NPA-treated plants ( Supplementary Fig. S8B ). Taken together, these results demonstrate that polar auxin transport plays a key role during flower development.
Discussion
Auxin response during Arabidopsis flower development has been well characterized (Aloni et al. 2006 , Cecchetti et al. 2008 , Larsson et al. 2013 , Larsson et al. 2014 ; however, it remains unclear how it is conserved among species, particularly in species with fleshy fruit such as tomato. This study monitored the spatial and temporal localization of the auxin response sensor DR5::VENUS and of the auxin efflux carrier PIN1 (PIN1::GFP) during reproductive development in tomato. The results imply a possible role for auxin regulation during inflorescence initiation, flower bud and organ development, fruit development and embryogenesis.
Upon transition of the SAM from a vegetative to an inflorescence meristem, a striking elevation in DR5::VENUS expression in the SAM in both the wild type and e was observed (Fig.  1E, F and M, N, respectively) . During the same transition stage, unique expression patterns have been reported for various ARF family members in the Arabidopsis and tomato SAM (Heisler et al. 2005 , Vernoux et al. 2011 , Park et al. 2012 , while DR5 expression was absent from the central zone of the SAM (Heisler et al. 2005 ). The DII::VENUS reporter on the other hand, the degradation of which indicates auxin signaling upstream of DR5, was efficiently degraded in the center of the meristem, demonstrating a high auxin signaling input in the region (Vernoux et al. 2011) . This is in agreement with previous reports of auxin accumulation in the central zone of the SAM (Reinhardt et al. 2003 , Jönsson et al. 2006 , Smith et al. 2006 , in contrast to the vegetative stage (Fig. 1) , where only minor differences were observed in the distribution of the DR5::VENUS signal between the e and wild-type SAMs. During flower bud initiation and early development, striking differences were observed in the DR5::VENUS signal between wild-type and e flower buds, with respect to both spatial expression and signal intensity (Figs. 2, 3) . Distinct auxin maxima were absent in the e mutant floral buds at the sites of floral organ initiation (FM5). Instead, a significant strong DR5::VENUS signal was detected throughout the flower meristem as compared with the expression pattern found in wild-type plants (Figs.  2, 3) . These modifications in auxin expression are in agreement with findings reported by Ben-Gera et al. (2012) during leaf development, and with the role of E as an auxin response inhibitor from the Aux/IAA family (Koenig et al. 2009 , Ben-Gera et al. 2012 . During these early stages, the floral organ primordia appear less separated from each other in the e flowers, in agreement with the less acute auxin maxima. Furthermore, although the majority of e flower buds developed normally, a high proportion showed an unopened sepals phenotype at anthesis (Fig. 3F) . A similar phenotype was also observed in FIL>>miR160 plants (Fig. 3F) , which demonstrates the importance of different auxin signals in flower organ development and function. The finding that a majority of e flowers developed normally might be explained by the fact that auxin maxima are still observed in the e mutant. Albeit less distinct in comparison with the wild type, these milder maxima may be adequate for normal organ formation and separation. While the E protein contains unique domains that are not present in other Aux/IAA subfamilies (Wang et al. 2005) , other unidentified tomato Aux/ IAAs may function in flower organs, which could compensate for the absence of E. Alternatively, the auxin response could be altered in specific spatial and temporal domains in the e fruits, without affecting the overall steady-state distribution.
Spatial and temporal DR5 expression pattern differences were also observed between tomato and Arabidopsis throughout the development of reproductive organs. Unlike Arabidopsis, in which the auxin response signal first appears at the sepal tips, followed sequentially by expression in anthers, anther filaments, stigma and ovules (Aloni et al. 2006) , in tomato it was detected in all flower organs in parallel, at a very early stage of flower bud development ( Supplementary  Fig. S1 ). With the progression of tomato flower development, the DR5::VENUS signal was highly expressed in female floral organs, in the stigma and in ovules within the ovaries. With further flower development, the signal gradually declined in the female organs, and increased in the anthers (Fig. 5) .
The higher DR5::VENUS signal detected in e ovaries and ovules during later stages of flower development as compared with the wild type might explain the larger e ovaries as compared with the wild type ( Fig. 6; Supplementary Fig. S2 ). Furthermore, these size differences were detected in flower buds before anthesis, which may explain the parthenocarpic fruit phenotype of e plants (Wang et al. 2005 , Zhang et al. 2007 , Wang et al. 2009 ). Furthermore, differences in the auxin response observed at the early stages of flower development ( Fig. 6; Supplementary Fig. S2 ) may be responsible for the fertilization-independent ovary growth observed in e mutants ( Supplementary Fig. S6 ). To explore further the role of the auxin response in early stages of fruit development, we compared flower development and DR5::VENUS expression in the signaling mutant e with those of wild-type plants treated with the auxin polar inhibitor NPA (Supplementary Figs. S6-S8 ). Early and rapid growth of the ovaries was observed in both the mutant and the NPA-treated plants (Supplementary Fig.  S6 ), but was ascribed to the different DR5::VENUS expression patterns in the wild type vs. e plants (Supplementary Fig. S8) . Therefore, the increase in the auxin response may drive the NPA-related parthenocarpy, whereas, in e plants, other mechanisms or events occurring downstream of the auxin response may be responsible for the parthenocarpy.
Auxin is involved in gynoecium development in both tomato and Arabidopsis (Pattison and Catala 2012 , Cucinotta et al. 2014 , Larsson et al. 2014 , Robert et al. 2015 . Interestingly, carpel development differed substantially between these species (Smith et al. 1990 , Schneitz et al. 1995 , Brukhin et al. 2003 . In Arabidopsis, the carpel first develops as a hollow tube with the stigmatic part missing (Cucinotta et al. 2014) , while in tomato all female organs completed their morphogenesis at early stages of carpel development (Figs. 4-6 ; Supplementary Fig.  S1 ). In addition, in Arabidopsis, ovule initiation occurs late in flower development (stage 8) (Marsch-Martínez and de Folter 2016), after carpel closure and placenta formation, while in tomato it occurred relatively early in flower development (Fig. 5) . Interestingly, DR5 expression spatially and temporally correlates with developmental events such as organ initiation and ovule and pollen formation in both species (Aloni et al. 2006 , Cecchetti et al. 2008 , Larsson et al. 2013 , Reyes-Olalde et al. 2013 . However, in tomato, DR5::VENUS expression was observed throughout the apical part of the gynoecium (Figs. 4, 5; Supplementary Fig. S1 ), whereas in Arabidopsis DR5 signal was observed in two foci in the apical part of the gynoecium (Larsson et al. 2013) . Both species show expression in the style pre-VB, as well as apical distribution of the PIN1 protein in the developing style, suggesting that auxin is transported to the stigma from the basal side of the flower.
In later stages of tomato flower development, just before anthesis and during pollen germination, no DR5::VENUS signal was detected in the tomato stigma papillae or in germinating pollen tubes. In contrast, in Arabidopsis, after initiation of pollen germination, an intense DR5::GUS signal was detected in the style just beneath the stigma (Aloni et al. 2006) . Similarly, in tobacco, an intense DR5::GUS signal was detected in stigmas, which later moved downward with the progression of pollen germination in the style, 'leading' the pollen tubes in the transmitting tracks (Chen and Zhao 2008) . The DR5::VENUS and PIN1::GFP signals in tomato showed a complex pattern connecting the different parts of the gynoecium (Figs. 4-6; Supplementary Fig. S5 ). These expression patterns correlate well with the expression domains of the auxin biosynthesis genes TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS (TAA/TAR) and the flavin monooxygenases YUCCA (YUC) in Arabidopsis (Larsson et al. 2013) , suggesting that auxin may be produced in several locations in the developing gynoecium Østergaard 2009, Larsson et al. 2013 ). These DR5::VENUS and PIN1 expression patterns are also in agreement with the DR5::RFP expression patterns observed at later stages (2 and 6 d before anthesis) of flower development in tomato (S. lycopersicum cv. Ailsa Craig; Pattison and Catala 2012) . In the ovules, the DR5::VENUS signal was mainly concentrated in the embryo sac, in agreement with findings reported in other tomato cultivar backgrounds (Pattison and Catala 2012) and in Arabidopsis (Pagnussat et al. 2009 , Ceccato et al. 2013 , Cucinotta et al. 2014 . DR5::VENUS signals were also high in the VB strands of the ovaries, and in the micropyler pole of the embryo sac. Auxin biosynthetic and signaling genes show similar expression patterns in Arabidopsis ovules (Pagnussat et al. 2009 ), in agreement with the involvement of auxin in ovule cellularization (Pagnussat et al. 2009 , Ge et al. 2010 . Interestingly, these spatial and temporal DR5::VENUS expression patterns in the gynoecium were not fully compatible with the model suggested by Nemhauser et al. (2000) for Arabidopsis, in which high auxin levels in the gynoecium apical region promote stigma and style formation, whereas low levels define the ovary region. In tomato, a strong DR5::VENUS signal was found in the ovules within the ovaries during their early development, and there is no evidence for an apical to basal gradient of the auxin response signal. Recently, in the absence of evidence for an auxin gradient, and in light of the observation that gynoecium patterns occur before the development of an apical-basal dimension, a new model was put forward, proposing that similar to the growth of other lateral organs, including leaves from which gynoecia are derived, auxin acts early to define the adaxial-abaxial boundary that is necessary for organ growth (Hawkins and Liu 2014) . The localization of auxin response to initiating flower organs and to the vasculature throughout the developing gynoecium is in line with the idea of common developmental programs in leaves and flower organs.
Unlike the differences in DR5::VENUS expression found in sepals, ovaries and ovules, no significant differences were found in male flower organ and gametophyte between e and the wild type during their development (Figs. 4, 5; Supplementary Fig.  S3 ). On the other hand, differences in DR5 expression between tomato and Arabidopsis were found during male reproductive organ development. In early stages of Arabidopsis flower development, the DR5 signal is spread throughout the anther, whereas in tomato the signal was concentrated in anther tips. Furthermore, in tomato anthers, the DR5::VENUS signal was observed mainly before and during meiosis in the microsporocyte and in tetrads, and was low or absent in the microspores (Figs. 5, 6 ; Supplementary Fig. S3 ), while in Arabidopsis it was absent before meiosis and tetrad formation (Cecchetti et al. 2008) , and was detected in microspores and pollen grains in Arabidopsis (Aloni et al. 2006 , Cecchetti et al. 2008 . The reduction in the auxin response signal in tomato developing pollen may result from the increased expression of PIN8, which targets auxin to the endoplasmic reticulum in the pollen (Dal Bosco et al. 2012) . In parallel to the reduction of DR5::VENUS expression in the microspores, high levels were detected in the tapetum cells, in agreement with the reported expression in Arabidopsis, before and during tapetum cell degeneration (Aloni et al. 2006 , Cecchetti et al. 2008 . Recently it was suggested by Cecchetti et al. (2017) that auxin maxima in Arabidopsis middle layers control stamen development and pollen maturation. However, we did not observe DR5::VENUS maxima in these anther cells during stamen development ( Fig. 5; Supplementary Fig. S3 ). The increase in DR5::VENUS expression during anther development, and the specific expression in stomium cells (Figs. 3, 5) , may indicate that auxin is involved in the anther dehiscence process. However, the polar auxin transport from the upper part downwards in later stages of anther development cannot be explained by the PIN1::GFP expression pattern (Supplementary Fig. S5 ), and thus may indicate that other auxin transporters are involved.
The DR5::VENUS signal in maternal tissues such as the seed funiculus and the placenta correlates with the first peak of auxin production previously reported in tomato, Arabidopsis and pepper (Capsicum annuum) (Iwahori 1967 , Varga and Bruinsma 1976 , Ljung et al. 2002 , Tiwari et al. 2013 , Pattison et al. 2014 . With the progression of seed development, the developing embryo becomes the main source of free auxin in the tomato fruit (Varga and Bruinsma 1976, Pattison and Catala 2012) .
In conclusion, the spatial and temporal expression of the auxin response sensor (DR5::VENUS) and PIN1::GFP in tomato reproductive organs suggests that auxin plays a role in almost every aspect of reproductive development, from inflorescence initiation, flower organ morphogenesis, fruit development to embryogenesis. The described response is the integrated output of auxin biosynthesis, metabolism, transport and signaling. The flower and fruit phenotypic alterations observed in e plants were correlated with the differences in DR5::VENUS signal expression patterns. The differences in the spatial and temporal distribution of the auxin response in developing flowers and fruits in tomato vs. Arabidopsis plants may represent important differences in developmental processes and in the role of auxin in these processes. These exemplify the importance of comparing hormone responses and function in tomato mutants and in other species. Further research will be necessary to clarify the role of auxin in pollen development and function.
Materials and Methods
Plant material and growth conditions
Tomato (S. lycopersicum cv. M82) and entire-2 (e-2 mutants in the M82 background) were sown and grown in a growth chamber at 26/20 C (day/night) and a 12 h photoperiod under 150 mmol m À2 s À1 photosynthetic photon flux density (PPFD), delivered by fluorescent lights or in a glasshouse under natural daylight. Plants were irrigated and fertilized as needed. The M82 and the e-2 allele expressing DR5rev::3XVENUS-N7 were used for DR5::VENUS signal analysis (Heisler et al. 2005 , Ben-Gera et al. 2012 . AtPIN1::PIN1::GFP tomato seeds (Moneymaker background) ) were kindly provided by Cris Kuhlemeier and Emmanuelle Bayer, and the construct was introduced into the M82 background by crossing followed by five backcrosses. Ten independent kanamycin-resistant transgenic lines were selected and examined by Ben-Gera et al. (2012) . Further DR5::VENUS analysis was performed with one selected line. The different SAM developmental stages were defined according to Park et al. (2012) by days after germination, number of leaves initiated from the SAM and the plastochron index, as follows: early and late vegetative meristems, transition meristem and IM harboring the first to fifth FMs. For the NPA treatments, inflorescences with flower buds at different developmental stages were sprayed both in the morning and in the afternoon with 100 mM NPA (Chem Service) dissolved in dimethyl sulfoxide with 0.01% Silwet L-77, as described by Nemhauser et al. (2000) . Mock treatments were performed with distilled water containing 0.1% dimethyl sulfoxide and 0.01% Silwet L-77. Flower morphology and DR5::VENUS expression were assessed 7 d after inhibitor application.
Fluorescent microscopy and image analysis
Live cell imaging was carried out by mounting intact tomato flowers and flower buds under a cover glass, and acquiring serial (XYZ) optic sections and projection. All microscopic observations and image acquisitions were performed using an OLYMPUS IX 81 inverted laser-scanning confocal microscope (FLUOVIEW 500) or by using a Leica SP8 laser scanning microscope. For DR5::VENUS, a 543 nm helium-neon laser and 603 1.4 NA PlanApo oil immersion objective were used. Confocal optical sections were obtained at 0.2 mm increments. GFP was excited with a 488 nm beam, and the emission was collected through a BA 505-525 filter. For Chl autofluorescence, a BA 660 IF emission filter was used. Transmitted light images were obtained using Nomarski differential interference contrast (DIC) microscopy. Three-dimensional images were obtained using the FLUOVIEW 500 software supplied with the confocal laser scanning microscope. Leica SP8 confocal image acquisition was done using an OPSL 514 nm laser (at 1.5% intensity) and HCX PL APO CS Â 10/0.40 dry or HC PL APO CS Â 6/1.2 water immersion objective. Images of at least 10 flower buds from different developmental stages were taken from different wild-type and e plants expressing DR5::VENUS. Representative confocal images are presented.
Fluorescence stereoscope images were captured with Nikon SMZ1500 and Nikon SMZ25 zoom stereoscopes. DR5::VENUS was excited by either a 500 nm filter, where the emission was collected by a 535 nm filter (SMZ25) or by a 470 nm filter, where the emission was collected by a 525 nm filter (SMZ1500). Images were captured with a color camera (DS-Ri1 and DS-Ri2, respectively, Nikon) operated by NIS Elements V3 and BR software, respectively (Nikon). Images of at least 10 SAMs or flower buds were taken from different plants expressing DR5::VENUS. DR5::VENUS quantification was performed on confocal microscopy images of ovaries from 3 mm buds, approximately 7 d before anthesis, and from stereoscope images of flower meristem number 5 (FM5) using the software ImageJ software. For each analysis, at least 10 ovaries, ovules or flowers were measured.
Supplementary data
Supplementary data are available at PCP online.
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